Abstract. Pancreatic ductal adenocarcinoma (PDAC) is one of the most lethal malignant tumors of the digestive system, but the mechanisms of its development and progression are unclear. Inflammation is thought to be fundamental to pancreatic cancer development and caffeic acid phenethyl ester (CAPE) is an active component of honey bee resin or propolis with anti-inflammatory and anticancer activities. We investigated the inhibitory effects of CAPE on cell growth and migration induced by human neutrophil elastase (HNE) and report that HNE induced cancer cell migration at low doses and growth at higher doses. In contrast, lower CAPE doses inhibited migration and higher doses of CAPE inhibited the growth induced by HNE. HNE activity was significantly inhibited by CAPE (7.5-120 µM). Using quantitative real-time PCR and western blotting, we observed that CAPE (18-60 µM) did not affect transcription and translation of α1-antitrypsin (α1-AT), an endogenous HNE inhibitor. However, in an in silico drug target docking model, we found that CAPE directly bound to the binding pocket of HNE (25.66 kcal/mol) according to CDOCKER, and the residue of the catalytic site stabilized the interaction between CAPE and HNE as evidenced by molecular dynamic simulation. Response unit (RU) values of surface plasmon resonance (SPR) significantly increased with incremental CAPE doses (7.5-120 µM), indicating that CAPE could directly bind to HNE in a concentration-dependent manner. Thus, CAPE is an effective inhibitor of HNE via direct interaction whereby it inhibits the migration and growth of PANC-1 cells in a dose-dependent manner.
Introduction
Pancreatic ductal adenocarcinoma (PDAC) is one of the most lethal and malignant tumors of the digestive system. The rate of successful PDAC resection is less than 20% and most patients present with disease recurrence. The 5-year survival rate of PDAC is only ~5% despite therapeutic advances in diagnosis and treatment (1) . PDAC is the fourth leading cause of cancerrelated deaths in the US with an estimate of 37,390 deaths closely following the number of 43,920 diagnoses in 2012 (2) and an estimate of 38,460 deaths closely following the number of 45,220 diagnoses in 2013 (3) . Moreover, PDAC has been projected to advance as one of the leading 3 cancer killers in 2030 (4) . PDAC is characterized by infiltration of polymorphonuclear neutrophils (PMNs) into the desmoplastic stroma in most cancer samples. PMN infiltration may create a proinflammatory microenvironment affecting tumor progression by diverse mechanisms (5, 6) .
PMNs consist of various enzymes, including human neutrophil elastase (HNE) (7, 8) . HNE is a neutral protease of the serine protease superfamily and is chiefly stored in neutrophilic granulocytes. In addition, various cancer cells contain HNE (9, 10) . Normally, HNE does not injure cells, but HNE may have an important regulatory role in local inflammatory responses and dysregulation causing HNE to be accumulated and produce chronic inflammatory disease (11) . Inflammation contributes to numerous cancers such as lung, bladder, gastrointestinal tract, skin and vulva cancer (12) . Inflammation may promote cancer growth, tissue invasion and metastasis, characterized by reactive oxygen species and cell cycling induction. Cancer arising from inflammation may be associated with a worse prognosis (13) . α1-antitrypsin, an endogenous inhibitor of HNE, is implicated in α1-antitrypsin-HNE imbalances and this is thought to create a favorable tissue environment for carcinogens and tumor progression, promoting the growth, survival, metastasis of tumor cells (11, 14) . Inhibition of HNE by its specific inhibitor was found to significantly suppress growth, motility and chemotaxis of the pancreatic carcinoma cell line Capan-1 (15) .
Caffeic acid phenethyl ester (CAPE) is an active component of the honey bee resin, propolis, and is reported to have anti-inflammatory, neuroprotective, hepatoprotective, cardioprotective, immunomodulatory and anticancer effects (16, 17) . the tumor-specific cytotoxicity of CAPE has been reported as CAPE can inhibit tumor cell growth, infiltration and metastasis in vivo and in vitro, including central nervous system, gastrointestinal system and breast cancers as well as leukemias (18, 19) . CAPE modulates the inflammatory response by reducing c-jun-N-terminal kinase and nuclear factor (NK)-κB activation and decreasing cyclooxygenase (COx)-2 expression (16). However, how this occurs is unclear. Thus, we investigated the contribution of inflammation to pancreatic cancer progression and the novel effects of CAPE on HNE, as well as the interaction between CAPE and HNE.
Materials and methods
Cell culture and treatment. The PDAC PANC-1 cell line was used for in vitro experiments. Cells were maintained in Dulbecco's modified essential medium (DMEM) plus 10% fetal bovine serum (FBS) (both from Gibco, Grand Island, NY, USA), 100 U/ml penicillin and 100 mg/ml streptomycin in a humidified incubator with 5% Co 2 in air at 37̊C. Cells were treated with different concentrations of HNE (Merck Group, Darmstadt, Germany) and/or CAPE (R&D Systems/Tocris, Minneapolis, MN, USA) for 24 or 48 h, and then evaluated.
Cell viability assay. Cytotoxicity was measured using the CellTiter 96 ® AQ ueous One Solution Cell Proliferation Assay kit (Promega, Madison, WI, USA). briefly, PANC-1 cells growing in log-phase were trypsinized and seeded at 5,000 cells/well into 96-well plates, and allowed to adhere for 24 h. Media were replaced by fresh medium or medium with HNE and/or CAPE, and incubated for 48 h. one-fifth of the volume of Celltiter 96 ® AQ ueous One solution was added to each well and incubated for an additional 3 h. The resulting color was assayed at 490 nm using a microplate reader (Bio-Rad Laboratories, Inc., Hercules, CA, USA). Blank control wells were used for zeroing the absorbance.
Wound-healing assay of PANC-1 cell migration. PANC-1 cells stably transfected with GFP were seeded into 6-well plates. Confluent monolayers were scratched using a sterile 1,000-µl pipette tip to create a uniform cell-free zone in each well. Suspended cells were removed by washing with normal growth medium. Wounded monolayers were then incubated in the presence or absence of 10 nM HNE and decreasing concentrations of CAPE (27 µM with 1.5-fold dilutions to 8 µM). A scratch wound was captured after 24 or 48 h using an olympus microscope in 3 fields of view at a magnification of x40. The recovered area was measured using PhotoShop software.
Elastase assay. HNE activity was measured with an enzyme assay in 96-multiwell plates. briefly, 50 µl substrate solution (1.4 mM MeO-Suc-Ala-Ala-Pro-Val-pNA in Tris-HCl buffer, pH 7.5) was mixed with 140 µl test solution (test substances solubilized in Tris-HCl buffer, pH 7.5) and vortexed. After the addition of 10 µl HNE solution, the samples were incubated for 1 h at 37̊C. the reaction was stopped by the addition of 200 µl soybean trypsin inhibitor solution (2 mg/ml Tris-HCl buffer, pH 7.5) and placed in an ice bath. After vortexing, the absorbance was read at 405 nm. Inhibition rates were calculated as a percentage of the controls without inhibitors (20) . Sivelestat (Siv) sodium was added as a positive control.
Western blotting. Total protein was extracted using RIPA lysis (Applygen Technologies, Inc., Beijing, China) buffer from PANC-1 cell lysates after co-incubation of 40 nM HNE and CAPE (18-60 µM) for 48 h. After centrifuging and boiling at 100̊C for 5 min, equal amounts of proteins were separated by 10% SDS-PAGE and transferred to a polyvinylidene difluoride (PVDF) membrane (Millipore, Billerica, MA, USA) for analysis of α1-antitrypsin (1:500; Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA) and GAPDH (1:10,000; SigmaAldrich, St. louis, Mo, USA). Slides were fixed and incubated with the primary antibodies overnight at 4̊C with gentle agitation, followed by secondary antibody reactions with DyLight 800-labeled IgG [1:10,000; Cell Signaling Technology (CST) Danvers, MA, USA)]. Detection was evaluated using the Odyssey ® SA Infrared Imaging System.
RNA isolation and quantitative real-time PCR.
Total RNA was extracted using TRIzol reagent (Invitrogen, Carlsbad, CA, USA) from PANC-1 cells at 80% confluence after the co-incubation of 40 nM HNE and CAPE (18-60 µM) for 24 h. Then, total RNA was retrotranscribed into first-strand cDNA using the RevertAid First Strand cDNA Synthesis kit (Fermentas, Burlington, ON, Canada). The primers used for quantitative real-time PCR were as follows: α1-antitrypsin (sense primer, 5'-CCCCACCCAGAGTTGCTC-3' and antisense primer, 5'-GGTTAGGTGACAGCGGGTC-3'); GAPDH (sense primer, 5'-GGAGCGAGATCCCTCCAAAAT-3' and antisense primer, 5'-GGCTGTTGTCATACTTCTCATGG-3'). Quantitative real-time PCR was performed using Mx3005P qPCR System (Agilent Technologies, Santa Clara, CA, USA).
Molecular docking and dynamics simulation.
To assess the molecular interactions between CAPE and HNE, a molecular docking study was carried out with CDOCKER protocol from Discovery Studio™ 2.5 (DS; Accelrys Software Inc., San Diego, CA, USA). For ligand preparation, a 2-D structure of CAPE was produced by KegDraw software. A force field was applied and binding energy was minimized before the docking procedure. For receptor preparation, the x-ray crystal structure of HNE was obtained from the Protein Data Bank (PDB; http://www.rcsb.org/) with PDB ID: 1B0F. Then, a ligand-based similarity search scheme was employed and the docking protocol was performed as a default setting to avoid a potential reduction in docking accuracy. Molecular dynamic simulations of HNE and CAPE were performed using the standard dynamics cascade protocol in DS. The initial structures of those two simulations were the results of the ligand-receptor complex with the lowest binding energy. The complex was solvated with water in a cubic box with an explicit periodic boundary model to stimulate the environment inside the cell. After creating harmonic restraint, a standard dynamics cascade was performed including minimization, heating, equilibration and production dynamics (21) .
Surface plasmon resonance analysis. Surface plasmon resonance (SPR) experiments of CAPE binding to HNE were carried out on a BIAcore ® 3000 (Biacore AB, Uppsala, Sweden) instrument using Sensor Chip CM5 (GE Healthcare, Fairfield, Ct, USA). Pipelines and the chip were pretreated with phosphate-buffered saline (PBS)-ethyl pyruvate (EP) running buffer (10 mM HEPES, 150 mM NaCl, 3 mM EDTA, 0.005% surfactant P20 and deionized water, pH 7.4). For SPR analysis, ~500 resonance units of HNE were immobilized on the CM5 sensor chip using 10 mM sodium acetate buffer with pH 5.5. Kinetics experiments were carried out by injecting decreasing concentrations of CAPE (120 µM with 2-fold dilutions to 7.5 µM) at a flow rate of 10 µl/min, and binding responses were recorded for 300 sec in succession. Binding responses were recorded continuously with response unit values. The association (K a ) and dissociation (K d ) rate constants were elevated by BIA evaluation software (Biacore AB) (21) .
Statistical analysis. Significances of the differences between two groups were evaluated by a Student's unpaired t-test and analysis of variance (ANOVA) for comparisons among multiple groups using GraphPad Prism version 5.01 (GraphPad Software, Inc., La Jolla, CA, USA). All data are expressed as mean ± standard error of measurement (SEM).
Results

CAPE inhibits tumor cell viability and migration induced by HNE in PANC-1 cells.
To measure the cell growth inhibition induced by CAPE in pancreatic cancer cells with HNE in vitro, we measured cell viability in PANC-1 cells using the CellTiter 96 ® AQ ueous One Solution cell proliferation assay kit. As shown in Fig. 1A , dose-response curves for the PANC-1 cells indicated that modest concentrations of HNE (10-40 nM) enhanced tumor cell viability, and that 40 nM HNE was the most efficacious, and thus this was used for subsequent experiments. In the presence of 40 nM of HNE, cell viability was significantly decreased with increasing CAPE doses (27-90 µM), and lower concentrations had no appreciable effect (Fig. 1B) .
To determine whether CAPE inhibits the migration of PANC-1 cells induced by HNE, migration capacity was assessed using an in vitro wound-healing assay into 6-well plates. Fig. 1C-E shows that the migration of PANC-1 cells incubated with 10 nM HNE was increased, whereas incremental doses of CAPE (8-27 µM) inhibited the migration of PANC-1 cells. From the cell viability and migration assays, HNE induced cancer cell migration at lower doses, and increased cancer cell viability at higher doses, data that agree with previous research results (22) . In addition, our data showed that lower doses of CAPE inhibited migration and higher doses of CAPE inhibited cell growth.
CAPE inhibits HNE activity (elastase assay) in an α1-antitrypsin-independent manner.
To study HNE inhibition using an elastase assay, sivelestat sodium, a specific HNE inhibitor, was used as a positive control (Fig. 2B) . As shown in Fig. 2A , HNE activity increased in a concentration-dependent manner. In addition, Fig. 2C shows that HNE activity was also significantly inhibited by CAPE in a concentration-dependent manner (7.5-120 µM).
α1-antitrypsin is a serine protease inhibitor (SERPIN) and the endogenous inhibitor of HNE. Several natural products inhibit HNE through the regulation of α1-antitrypsin. To investigate how HNE-induced growth and migration is inhibited by CAPE, western blotting ( Fig. 2D and E) and quantitative real-time PCR (Fig. 2F) to determine whether α1-antitrypsin was regulated by CAPE in PANC-1 cells. As shown in Fig. 2D-F , with or without HNE, CAPE (18-60 µM) did not modulate α1-antitrypsin expression at either the transcriptional or translational level.
hNE is a direct protein-target for CAPE in silico.
We measured the specific binding of CAPE to HNE using molecular dynamics. The in silico drug target docking modeling analysis indicated that CAPE directly bound to the binding pocket of HNE (Fig. 3A-C) with 25.6581 kcal/mol in its best binding confirmation. As shown in Fig. 3b , ARG178, CyS168 and ARG217 play decisive roles in H-bond formation, which contributes to stabilizing the complex of HNE and CAPE. RMSD reference of CAPE, plotted in Fig. 3D , indicated that the interaction of the receptor-ligand complex reached equilibrium state after 14 psec. Similar results were obtained from interaction analysis between the O of CAPE and HN in the amino residue of ARG178 in HNE (Fig. 3E-G) . Thus, the residue of the catalytic site stabilizes the interaction between CAPE and HNE.
CAPE directly binds to HNE according to SPR analysis.
We determined the binding affinity of CAPE for HNE based on SPR. Fig. 4 shows that the response units were significantly increased with increasing CAPE (7.5-120 µM), indicating that CAPE was able to directly bind to HNE in a concentration-dependent manner. K a and K d values for CAPE binding to immobilized HNE on the CM5 chip were 1.97x10 5 , respectively. The equilibrium dissociation constant (KD = K d /K a ) was 1.19x10 -7 M. Thus, HNE is a direct target of CAPE.
Discussion
We investigated the anti-migratory and anti-growth effects of CAPE on HNE-induced PANC-1 cells. Using an elastase assay, SPR and computer-aided drug design (CADD), we analyzed the interaction between CAPE and HNE. Data showed that CAPE inhibited the migration and viability of the HNE-induced PANC-1 cells. In addition, CAPE solely and directly interacts with HNE. CAPE, a polyphenolic natural product and active component of propolis, has been reported to inhibit tumor proliferation and metastasis (23) , as well as induce the apoptosis of various cancer cells in vitro and in vivo, including central nervous system, gastrointestinal system and breast cancer as well as leukemia (18, 24) . CAPE has a range of molecular targets and influences numerous biochemical and molecular processes and it is documented to be safe for humans. Tumor cell lines are significantly more sensitive to CAPE than non-cancerous cells (19) . An in vivo study demonstrated that propolis has little acute oral toxicity (LD 50 2,000-7,300 g/kg for mice) (18) . In addition to its antitumor effect, CAPE also is an anti-inflammatory, antioxidant compound with neuroprotective and immune modulatory functions (16) .
Many molecules are involved in the antitumor activity of CAPE, including NF-κB, JNK, caspase-3, activator protein-1 (AP-1) and tumor necrosis factor (TNF). Cancer progression is a complex process and its pathogenic mechanism remains somewhat elusive, thus CAPE is considered to be a multitarget natural compound. That CAPE may inhibit tumor development via other mechanisms cannot be excluded. Thus, we investigated the novel inflammation-related mechanisms of CAPE involved in its antitumor activity in pancreatic cancer.
There is a growing awareness that inflammation is an important risk factor for the development of cancer at many sites, such as the lung, bladder, gastrointestinal tract, skin and vulva (12) . When Virchow observed the presence of inflammatory cells within neoplastic tissue in the 19th century, the link between inflammation and cancer was first suggested, but the mechanism underlying this is only recently being clarified (12, 25) . Inflammation plays a role in promoting cancer growth, tissue invasion and metastasis, due to reactive oxygen species and the induction of cell cycling. Cancer arising in a background of inflammation may therefore be associated with a worse prognosis (13).
PDAC is a lethal cancer with a poor prognosis. In addition, a lack of early symptoms and distant metastatic spread by the time of diagnosis and the intrinsic and acquired resistance to conventional therapeutic modalities makes this a difficult cancer to treat (26) . Cellular mechanisms contributing to pancreatic cancer development and progression are undefined but inflammation is thought to be key particularly in the context of repeated acute pancreatic injury. Acute pancreatitis (AP) is a clinical syndrome which begins with acute injury to the pancreas and injurious substances include alcohol, smoking, gall stones, drugs and obesity. Recurrent acute pancreatic insult can lead to chronic pancreatitis, which is a strong risk factor for pancreatic cancer (27) .
HNE degrades phagocytosed foreign organic molecules within cells. Extracellular HNE can degrade various extracellular proteins and induce production of inflammatory cytokines from epithelial cells (28) . Several studies indicate that HNE concentration and activity are elevated in AP, and are reliable markers of the severity of AP. Specific HNE inhibitors, such as sivelestat, have potential for treating AP (29) . Sivelestat is the first drug applied to systemic inflammatory response syndrome (SIRS) and sivelestat may suppress breast and esophageal cancer and cholangiocarcinoma and gastric carcinoma (30) (31) (32) (33) .
Previously, we reported that curcumin can inhibit HNE with a similar CDOCKER interaction energy to that of CAPE. However, the equilibrium dissociation constant (KD = K d /K a ) of CAPE binding to HNE (1.19x10 -7 M) was significantly lower than that of curcumin (3.17x10 -5 M) based on SPR. Thus, CAPE could bind to HNE better than curcumin (21, 22) . In addition, many other natural compounds have been screened as HNE inhibitors, including flavonoids, caffeic acid derivatives, phenolics, monoterpenes, sesquiterpenes, triterpenes and long-chain fatty acids (11) .
Traditional approaches to drug discovery rely on screening of numerous compounds to identify a potential candidate, which is an expensive and time consuming process. CADD approaches have been widely employed to identify lead compounds and optimize drug development against various targets (34) . CADD uses rational drug design methods, but biological studies are necessary to verify CADD data. SPR is ideal for generating reliable data concerning interactions between biomolecules and small ligands with real-time analysis and detection of low-affinity target binders (35) . CADD and SPR provide a fast, inexpensive, and reliable method of drug discovery.
In conclusion, CAPE modulates tumor migration and growth induced by HNE and CAPE blocks HNE activity directly interacting with HNE. These data offer a new putative mechanism of CAPE activity against tumor migration and growth and suggest that CAPE may be a potential anticancer drug.
